Introduction {#s02}
============

RNA granules represent a diverse range of ribonucleoparticles that lack membrane delineation and are often visible by light microscopy. They have been observed in the nucleus and cytosol of somatic cells, neurons, and germ cells and are implicated in a variety of different functions. Nuclear RNA granule structures include the Cajal bodies, speckles, and nucleoli, sites of snRNP biogenesis and maturation, RNA splicing, and ribosomal RNA (rRNA) transcription, respectively. Cytosolic stress granules (SGs) and processing bodies (PBs) contain polyadenylated mRNAs and RNA-related enzymes and are induced under conditions in which translation is inhibited, though PBs also exist under normal conditions. SGs are rich in preinitiation complexes and contain mRNAs that can reenter polyribosomes, whereas PBs contain decapping and deadenylation factors, the RISC complex, and the nonsense-mediated decay machinery and are thought to be mostly involved in mRNA degradation ([@bib11]). RNA granules have also been observed within organelles. In chloroplasts, SGs are induced by a variety of stimuli and like cytosolic SGs are rich in preinitiation complexes ([@bib16]). RNA granules also exist in mitochondria but appear to play a different role, as they are not induced by stress, and processes such as mRNA splicing and decapping that occur in other types of RNA granules are not relevant to gene expression in mammalian mitochondria.

The human mitochondrial genome is a highly compact circular molecule of ∼16.5 kb that encodes 37 genes, all of which are required for oxidative phosphorylation, including 13 highly hydrophobic membrane components of the electron transport chain, two rRNAs, and 22 tRNAs that provide the specialized translational machinery required to express these proteins. Both strands of the mitochondrial DNA (mtDNA) are almost completely transcribed from a single promoter region, giving rise to polycistronic precursors that are then processed into mono- or bi-cistronic mRNAs, in most cases by excision of flanking tRNAs interspersed throughout the genome. As with nuclear RNA, mitochondrial RNA is further modified during or after transcription by polyadenylation, methylation, aminoacylation, or pseudouridinylation. However, in contrast to nuclear gene expression, which occurs in a well-defined step-wise manner consisting of capping, splicing, polyadenylation, and nuclear export, very little is known about the spatiotemporal organization of gene expression in mitochondria. Currently it is unclear how immature polycistronic RNAs are prevented from interacting with the translation machinery, where and how posttranscriptional modification or mitoribosome assembly occur, or what governs RNA stability. In the absence of a clear membrane delineation within the mitochondrial matrix, mitochondria appear to have developed specialized RNA-rich domains, in which these complex processes are compartmentalized and which likely represent key sites in the organization of mitochondrial gene expression. The composition and function of these mitochondrial RNA granules (MRGs) will be the focus of this paper.

MRGs {#s03}
====

[@bib7] first described newly made RNAs as punctate mitochondrial structures, which could be labeled with the uridine analogue 5-bromouridine (BrU). We and others later reported a specific colocalization of MRGs with GRSF1, a protein involved in mitochondrial RNA processing and translation ([@bib3]; [@bib8]). GRSF1 was found to interact with the mitochondrial RNase P complex, and accordingly GRSF1 depletion reduced mature RNAs, with an accumulation of RNA precursors ([@bib8]). Not surprisingly, RNase P subunits were also enriched in MRGs, further implicating MRGs as centers of RNA processing. BrU pulse-chase experiments supported this notion, as removal of either GRSF1 or RNase P prevented the transit of newly made RNA through MRGs ([@bib8]). Other RNA processing and maturation factors have now been shown to be present within MRGs, such as members of the FASTK family, the mitochondrial poly(A)-polymerase mtPAP, methyltransferases, RNA helicases, and the hSuv3p--PNPase complex or degradosome, which plays a central role in mitochondrial RNA degradation ([@bib18]; [@bib17]; [@bib13]; [@bib5]; [@bib8], [@bib9]; [@bib4]; [@bib19]; [@bib2]; [@bib14]; [Table 1](#tbl1){ref-type="table"}). Although some of these components are found in almost all MRGs, others are only found in a subpopulation of granules. Thus, MRGs are probably dynamic structures, which provide a platform for the spatiotemporal regulation of the numerous processes required for mitochondrial gene expression, including RNA processing, maturation, ribosome assembly, and translation initiation ([Fig. 1](#fig1){ref-type="fig"}). Their protein and RNA composition may change continuously depending on the progress of RNA processing and mitoribosome assembly.

###### Composition of the MRGs

  **Gene name**                                       **Function**                                           **Conserved domains (PFAM)**             **Reference**
  --------------------------------------------------- ------------------------------------------------------ ---------------------------------------- -------------------
  DDX28                                               Mitoribosome assembly                                  DEAD; Helicase_C                         [@bib2]; [@bib14]
  DHX30                                               Mitoribosome assembly                                  DEAD; HA2; Helicase_C; OB_NTP_bind       [@bib18]; [@bib2]
  FASTK                                               RNA processing                                         FAST_1; FAST_2; RAP                      [@bib9]
  FASTKD2                                             RNA processing; mitoribosome assembly                  FAST_1; FAST_2; RAP                      [@bib2]; [@bib9]
  FASTKD5                                             RNA processing; mitoribosome assembly                  FAST_1; FAST_2; RAP                      [@bib2]
  FTSJ2[^a^](#ttbl1n2){ref-type="table-fn"} (MRM2)    rRNA methylation                                       FtsJ                                     [@bib13]
  GRSF1                                               RNA processing; mitoribosome assembly                  RRM6 (3x)                                [@bib3]; [@bib8]
  HSD17B10 (MRPP2)                                    RNAse P - 5′ tRNA processing                           adh_short                                [@bib8]; [@bib4]
  KIAA0391 (MRPP3)                                    RNAse P - 5′ tRNA processing                           PRORP                                    [@bib8]; [@bib4]
  MRM1[^a^](#ttbl1n2){ref-type="table-fn"}            rRNA methylation                                       SpoU_methylase; SpoU_sub_bind            [@bib13]
  MTPAP (PAPD1)                                       Poly(A) polymerase                                     PAP_assoc                                [@bib19]
  PNPT1 (PNPase)                                      RNA degradation; RNA processing                        KH_1; PNPase; RNase_PH; RNase_PH_C; S1   [@bib5]
  RNMTL1[^a^](#ttbl1n2){ref-type="table-fn"} (MRM3)   rRNA methylation                                       SpoU_methylase; SpoU_sub_bind            [@bib13]
  SUPV3L1 (hSuv3p)                                    RNA degradation; RNA processing                        Helicase_C; SUV3_C                       [@bib5]
  TRMT10C (MRPP1)                                     RNAse P - 5′ tRNA processing; tRNA methyltransferase   tRNA_m1G_MT                              [@bib8]; [@bib4]

The names, functions, and conserved domains of the proteins currently known to localize with MRGs are shown.

Reported to colocalize with foci adjacent to but distinct from nucleoids, which likely correspond to MRGs.

![**MRGs and nucleoids.** (A) Confocal image of a HeLa cell expressing a blue fluorescent protein in mitochondria (mitoBFP), incubated with 2.5 mM BrU for 1 h and labeled with antibodies to mitochondrial SSB (nucleoid marker, green) or BrU (MRG marker, red; [@bib8]). (B) Model of the composition and function of MRGs and their interaction with the nucleoids.](JCB_201507125_Fig1){#fig1}

All work on MRGs to date has been performed using human or mouse cells, and thus it is legitimate to ask whether they also exist in other species. From the original genome of the ancestral endosymbiotic bacteria, the structural organization and content of the mitochondrial genome has undergone major changes during the course of evolution. In certain species such as green plants or *Saccharomyces cerevisae*, large mitochondrial genomes encode multiple promoters and introns, whereas in other experimentally tractable organisms such as *Schizosaccharomyces pombe*, *Caenorhabditis elegans*, or *Drosophila melanogaster,* mtDNA is shorter and, as in humans, appears to be transcribed into long polycistronic precursors that are then processed according to the so-called "tRNA punctuation" model. In *D. melanogaster*, proteins related to known MRG components have been found, including members of the FASTK family, hnRNPs, and mitochondrially-targeted helicases. However, it is currently unknown whether MRGs exist in nonmammalian species, although their existence seems likely in those species with similar mtDNA architecture, mode of DNA replication, and pattern of transcription.

Dynamics of MRGs {#s04}
================

[@bib7] initially classified the BrU foci into two classes: those detectable after a short pulse of BrU, which colocalize with the mitochondrial nucleoids, and those detectable after a longer pulse of BrU, which are stable over time and do not colocalize with the mitochondrial genome. About 10--20% of MRGs belong to the former class and are intimately associated with nucleoids ([Fig. 1 A](#fig1){ref-type="fig"}; [@bib7]; [@bib8]). Moreover, because this subpopulation of MRGs also contains the most rapidly labeling RNA ([@bib7]), they are most likely associated with transcriptionally active nucleoids, allowing efficient transfer of the primary transcripts. We envisage that within each MRG two distinct pathways occur in parallel ([Fig. 1 B](#fig1){ref-type="fig"}). The first involves processing and maturation of the genome-length polycistronic heavy and light strand transcripts to generate the mature mRNAs that encode the subunits of the electron transport chain, requiring tRNA excision, elimination of the noncoding "mirror" RNAs, and selective polyadenylation and posttranscriptional modifications. The second involves excision and maturation of the 12S and 16S rRNAs from the heavy strand transcript and association with nuclear-encoded MPRS and MPRL proteins, resulting in assembly of the 28S and 39S mitoribosomal subunits, respectively. In their initial work on BrU foci, [@bib7] reported that BrU-positive foci (i.e., MRGs) are distributed in the vicinity of active cytosolic ribosomes on the mitochondrial surface and the protein import machinery, which would allow for coordinated assembly of mitoribosomes using both nuclear and mitochondrial gene products. Based on this and recent structural analyses of the mitoribosome ([@bib6]; [@bib1]), the 39S subunit likely provides a membrane anchorage function, which allows release of fully assembled, active mitoribosomes from the MRGs and presentation of the nascent hydrophobic peptides to the associated membrane insertion machinery of the inner mitochondrial membrane ([Fig. 1 B](#fig1){ref-type="fig"}). According to this scheme, the compact MRG structure would provide the proximity and high concentration of reactants, together with the organizational framework and access to nuclear encoded gene products, to ensure efficient RNA processing, maturation, and mitoribosome assembly crucial for mitochondrial gene expression.

As MRGs exist independently from the nucleoids, this raises the interesting question of their dynamics and inheritance during cycles of mitochondrial fusion and fission. Nucleoids are found in close proximity to sites of fission, presumably facilitating the segregation of mtDNA throughout the mitochondrial network. During the normal cycle of mitochondrial fusion/fission, and especially during acute perturbations of mitochondrial dynamics, nucleoids may become unevenly distributed, resulting in mitochondria that lack mtDNA. Such mitochondria either re-fuse with mtDNA-containing mitochondria and reacquire the genome, or lose membrane potential and are degraded by mitophagy ([@bib15]). Though MRG dynamics have not yet been investigated by live-cell imaging, mitochondria lacking nucleoids could use nonnucleoid-associated MRGs as a stock of RNA able to sustain translation temporarily and thus extend the survival time of isolated mitochondria until fusion can occur. A similar RNA storage function could be important during mtDNA replication or when transcriptional activity is otherwise decreased. Thus, MRGs could play a buffering role in mitochondrial gene expression, maintaining RNA availability during transient decreases in mitochondrial transcription and/or nucleoid loss.

Structure and formation of MRGs {#s05}
===============================

How is the structural integrity of MRGs maintained? In the more highly studied cytoplasmic granules, proteins containing prion-like domains, Sm folds, or other motifs have been found to be essential in maintaining structural identity. In each case, deletion of the aggregation domain leads to disassembly of the granule. By analogy with the cytoplasmic granules, one or more of the protein components of MRGs might contain a similar aggregation domain. Because the only means currently known to disassemble MRGs is removal of RNA ([@bib7]; [@bib8]), the putative scaffolding protein might contain an RNA-binding motif, in addition to other protein-interacting domains and functions. Intriguing data from [@bib10] have shown that addition of a biotinylated isoxazole compound to complex cellular extracts selectively precipitates a subset of aggregation-prone, RNA-binding proteins highly enriched in low-complexity (LC) regions, which the authors argue could provide the basis for differential assembly of various RNA granules. Searches for LC domains within known MRG proteins have so far failed to reveal clear candidates; thus, if the mode of MRG assembly resembles that of cytosolic RNA granules, the LC domain--containing proteins required to maintain the MRG architecture have yet to be identified.

Another possible mechanism of MRG assembly is suggested from a recent study of nucleoids in which assembly was shown to occur via a multistep mechanism relying on the cross-strand binding of the mitochondrial transcription factor A (TFAM) to mtDNA ([@bib12]). TFAM binding induces loop formation in mtDNA and increasing concentrations of TFAM drive binding to multiple and sometimes distant sites, ultimately leading to compaction of the mtDNA into nucleoid-like structures. A similar mechanism could also take place in MRGs, with the putative scaffolding protein binding newly made RNA, leading to formation of foci. Site-specific binding to unprocessed RNA junctions or noncoding RNA could then ensure the controlled release of mature mRNAs to the mitoribosomes and thence to the mitochondrial matrix.

Identification of such factors that coordinate and maintain MRG architecture would be an important step forward in investigating the function of these RNA granules.

Concluding remarks {#s06}
==================

MRGs are emerging as discrete subcompartments within the mitochondrion, which partition the mitochondrial matrix and enable the posttranscriptional events necessary for mitochondrial gene expression. We propose that the MRGs are assembled around the newly synthesized primary transcripts in close proximity to active nucleoids with which they are transiently associated and that subsequent events in mitochondrial gene expression take place as the MRGs become detached and take up independent locations within the inner mitochondrial matrix. We view MRGs as dynamic structures whose composition changes as the primary transcript is posttranscriptionally modified, processed to mature RNAs, and assembled into mitoribosome complexes for oriented translation and insertion of the mitochondrially encoded proteins into the inner mitochondrial membrane. The changing composition of MRGs, their architecture, and their patterns of segregation during the cycles of mitochondrial fission and fusion are intriguing topics for the future that will give us greater insight into MRG function.
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